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Abstract
Characterization of Electrosprayed Poly(vinylidene fluoride) and Poly(vinylidene
fluoride)/CNT Nanocomposite

By Ihab Abdelsayed, B.Sc.
A thesis submitted in partial fulfillment of the requirements for the degree of Master of
Science in Engineering at Virginia Commonwealth University.
Virginia Commonwealth University, 2005.
Major Director: Dr. Zoubeida Ounaies, Assistant Professor, Aerospace Engineering,
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Co-Advisor: Dr. Karla Mossi

PVDF, Poly(vinylidene fluoride), is a polymer that has been studied for over four
decades due to its good electromechanical properties, stability, and durability in various
environments. Currently, PVDF is the only commercially available piezoelectric
polymer. PVDF is a polymorph, which indicates the presence of several crystalline
phases such as α, β, γ, and δ-phase. Oriented β-phase PVDF exhibits ferroelectric
properties and displays the largest piezoelectricity amongst the four phases, which makes
it the most desirable phase.
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Preparing oriented β-phase PVDF is a multi-step process, which is cost intensive,
due to the time, labor and energy utilized. The main goal of this work is to prepare
oriented β-phase PVDF using the electrospraying technique in a one step process. During
the electrospraying process a polymer jet is ejected. This jet disintegrates into droplets
due to overwhelming surface tension, resulting in a sprayed coating on the collector
substrate. Because of the combination of jet ejection and the high voltage applied
between the needle tip and the substrate, the droplets can be stretched and the polymer
chains can be oriented. Both the stretching and the high electric field are required for the
transformation of α-phase to the oriented β-phase. This study proposes that by using the
electrospraying technique it is possible to transform the α-phase to the β-phase in a one
step process starting from solution. This research focuses on the processing and
characterization of electrosprayed PVDF as well as electrosprayed PVDF/carbon
nanotubes (PVDF/CNT) nanocomposites. The specific tasks are to determine the changes
to the PVDF phases due to the electrospraying technique, and to determine the changes in
the PVDF morphology due to the addition of carbon nanotubes to the polymer matrix.
PVDF with two different molecular weights were electrosprayed using different
solvents and parameters. Initial observations after electrospraying were that, high boiling
point solvents resulted in the spraying of the solution and forming films, whereas a low
boiling point volatile solvent such as acetone resulted in the spinning of the solution thus
forming non-woven fiber mats. The thermal and electrical properties of the
electrosprayed PVDF and PVDF/CNT composites are measured using several
characterization techniques, including Modulated Differential Scanning Calorimetry
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(MDSC), Dielectric spectroscopy, Thermally Stimulated Current (TSC), Fourier
Transform Infrared Spectroscopy (FT-IR), and X-Ray Diffraction (XRD). MDSC results
show that electrosprayed PVDF has a lower melting point temperature than that of PVDF
commercially available pellets. In addition, electrosprayed PVDF/CNT nanocomposites
show a linear increase in the percentage of crystallinity with the increase of CNT
concentration in the composite. Dielectric spectroscopy results indicate that by increasing
the CNT concentration in the composite, the dielectric constant and the polymer
conductivity increase.
From the four characterizing techniques used, two of them, FT-IR and XRD,
show that it is possible to transform α-phase to β-phase PVDF in a one-step process using
electrospraying. The other two techniques, TSC and dielectric spectroscopy, show αphase for the electrosprayed samples without CNT, and some β-phase formation with
samples electrosprayed with CNT. These last two techniques; TSC and dielectric
spectroscopy have results that differ from the FT-IR and XRD techniques. This
contradiction may be a result of the small amounts of β-phase in the sample, which
cannot be detected using these techniques. Another reason may be due to the difference
in the probing levels between these techniques. XRD and FT-IR probe at the molecular
level, whereas TSC and dielectric probe at a much larger scale, which may make it hard
to detect small amounts of β-phase.

Chapter 1: Introduction
This introductory chapter provides a brief discussion on piezoelectric polymers of
various types. As the PVDF polymer is the focus of this study a brief background
discussion of several studies involving this polymer has been given. Different processes
and characterizing techniques used by various research groups in the study of these
polymers have been discussed.

1.1 Piezoelectric polymers
The “smart material systems” umbrella includes piezoelectric materials,
magnetostrictive materials, shape memory alloys, electrorheological fluids and
electrostrictive materials. Piezoelectric materials are most widely used because of their
wide bandwidth, fast electromechanical response, relatively low power requirements and
high generative forces1. A classical definition of piezoelectricity, a Greek term for
pressure electricity, is the generation of electrical polarization in a material in response to
a mechanical stress; this phenomenon is known as the direct effect. Piezoelectric
materials also display the converse effect; mechanical deformation upon application of
electrical charge or signal. Figure 1 is a schematic illustration of the direct and the
converse effect. These responses are due to changes in inherent or induced molecular
dipoles.

1

2

Figure 1 Converse and direct effects.

Piezoelectricity can be observed in crystalline materials or in crystalline region of
semi-crystalline materials that lack a center of symmetry (Figure 2). It is possible to
develop a piezoelectric amorphous polymer by adding dipoles that behave similar to the
dipoles in the crystalline region of piezoelectric polymers. If the unit cell of the crystal
lattice is such that the center of gravity of its positive charges does not coincide with that
of the negative charges, it creates a permanent dipole. A macroscopic electrical
polarization is observed if the dipoles are aligned throughout the crystal. Applying
external mechanical stress will strain the dipoles, which alters the polarization so that
electric charges appear on the surface of the crystal; this is the direct effect mentioned
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before. Conversely, applying an external electric field to the crystal will deform the
natural dipoles inducing strains that change the dimensions of the crystal2 (Figure 2).

Figure 2 A: Materials with center of symmetry B: Materials without center of
symmetry3.
Pyroelectricity, a subset of piezoelectricity, where the material can respond to
changes in temperature by giving an electric signal. Further a subset of pyroelectricity is
ferroelectricity. Ferroelectrics are materials whose spontaneous polarization can be
reversed by an electric field. It follows that, not all piezoelectric materials are
pyroelectric, and not all pyroelectric materials are ferroelectric materials see Figure 3.

Figure 3 The relationship between piezo, pyro and ferroelectricity.
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The Curie brothers discovered the piezoelectric effect in 1880 during their study
of the effect of pressure on the generation of electric charge by crystals such as Quartz,
tourmaline, and Rochelle salt4. Voigt published “Lerbush der Kristallphysic” in 1910,
which became a standard reference work explaining the complex electromechanical
relationships in piezoelectric crystals. The practical use of piezoelectric materials became
possible with Paul Langevin's discovery of the sonar in 1917 during World War I. The
use of piezoelectricity in sonar, and the success of that project, created intense interest in
piezoelectric devices5.
Over the next few decades, new piezoelectric materials and new applications for
those materials were explored and developed. During World War II, research in
piezoelectric material expanded to the United States, the Soviet Union and Japan.
Progress in piezoelectric devices and new materials mostly took place during wartime
because of the race in weapons development. Quartz crystals were the first commercially
exploited piezoelectric materials, but scientists searched for higher-performance
materials5. The existence of piezoelectric polymers has been known since 1924.
However, the early known piezoelectric polymers did not receive much attention because
of their weak electro-mechanical response. A growing interest starts after the work by
Fukada in the 1950’s and 1960’s6, which is the discovery that rolled films of polypeptides
and numerous other polymers induce surface charges when stressed. A major milestone
in this field was recorded with Kawai's discovery of the strong piezoelectric effect in
polyvinylidene fluoride (PVDF) in 19697. Later, other PVDF co-polymers were also
reported to be piezoelectric, including P (VDF-TrFE) and P (VDF-TFE)8.

5

1.2 PVDF polymer
PVDF is the acronym used for poly (vinylidene fluoride). It is also called poly (1,
1-difluoroethlene) with a repeat unit (CH2-CF2) (Figure 4). PVDF, patented in 1948,
was discovered as part of Dupont’s research on fluoropolymers; the company went on to
develop polyvinylidene fluoride (PVDF) in 1961 and commercially introduce it in 19659.
The breakthrough came in 1969, when Kawaii discovered the exceptional piezoelectric
behavior of PVDF, which at that time was the highest among the known synthetic
polymers10. After more than 30 years of study and development, the piezoelectricity and
electromechanical properties of PVDF and its copolymers have been improved
significantly. Today, this class of polymer still possesses the highest electromechanical
responses over a broad temperature range among known synthetic organic materials7 and
it is the only commercially available piezoelectric polymer. Table 1 illustrates some of
the PVDF piezoelectric, pyroelectric and thermal expansion coefficients and mechanical
properties.

Figure 4 Molecular structure of PVDF polymer chain11.
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Table 1 Piezoelectric, pyroelectric, thermal expansion coefficients and mechanical
properties of PVDF film.12
Material property

Coefficient

Biaxially
oriented film

Piezoelectric coefficient (pC/N)

d31
d32
d33
dh
d33 a
P3
P3 calculated
α1
α2
E (109 Pa)
K (10-10 Pa-1)
ν
S11 (10-10 Pa-1)
S12 (10-10 Pa-1)
C11 (109 Pa)
C12 (109 Pa)

4.34
4.36
-12.4
- 4.8
-13.5
-1.25
-0.44
1.24
1.00
2.5
2.6
0.392
4.0
- 1.57
5.04
3.25

-5

2

Pyroelectric coefficient (10 C/m K)
Thermal expansion coefficients (10-4 K-1)
Mechanical Properties

Uniaxially
oriented
film
21.4
2.3
-31.5
- 9.6
- 33.3
- 2.74
-1.48
0.13
1.45
2.5
2.6
0.392
4.0
- 1.57
5.04
3.25

PVDF has a simple chemical formula, intermediate between polyethylene (PE)
(CH2-CH2), and polytetrafluoroethylene (PTFE) (CF2-CF2-). This simplicity of
chemical structure gives PVDF both strength and toughness as reflected by its tensile
properties and impact strength. PVDF has excellent resistance to creep and fatigue. In
thin sections, such as films, filament, and tubing, PVDF components are flexible and
transparent. PVDF has outstanding properties, such as high dielectric constant, high
strength, high thermal stability, resistance to most chemicals and solvents, resistance to
ultraviolet and nuclear radiation, and resistance to weathering. PVDF can take many
molecular and crystal structures, which change depending on the preparation conditions
of the sample (Figure 5), which allows the formation of different forms.
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There are four known crystal forms of PVDF, three with permanent dipoles (β, γ
and δ phases), where β-phase is highly polar compared to the other two phases13, and one
non-polar phase, which is the α-phase. The α-phase is the most common phase and can
be obtained from melt directly. The chains are packed within the crystal lattice in specific
conformation. The crystal structures are described by conformations of the chains as a
series of trans (T) or gauche (G) linkages, by the orientation of these chains sequences
about the chain axis (parallel or antiparallel) and by the relative directions of adjacent
chains up-up (same direction) or down-down (opposite) direction (Figure 6). Each phase
will be described below.
Drawing
High-temperature annealing

β-Phase

High-pressure Quenching
Casting
from
HMPTA

Casting from DMA

Drawing

Poling

SlowCooling
Melt

Solution
Casting from Acetone

γ-Phase

Slow-Cooling
High-temperature annealing
α-Phase
Poling
δ-Phase

Figure 5 Production and conversion of the crystal forms of PVDF adapted from14.
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Form I or β-phase has all-trans (TTT) conformation. All chains are oriented
essentially parallel to the b-axis (Figure 6) of the unit cell with dipoles pointed in the
same direction, resulting in a noncentrosymmetric crystal; β-phase PVDF has the highest
piezoelectricity. Form II or α-phase has a trans-gauche-trans-gauche’ (TGTG’)
conformation with individual chains arranged to yield a centrosymmetric unit cell. Thus
an anti-polar crystal resulted. Form IIp or δ-phase has the same conformation as form II
and follows from this form by rotation of every second chain such that all chains are
aligned. Form III or γ-phase has a trans-trans-trans-gauche (TTTG) conformation; the
molecular chains are packed in a parallel noncentrosymmetric, polar crystal.

Figure 6 The conformation of the four PVDF phases10.
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1.2.1 Processing of Piezoelectric PVDF Film
The non-polar α-phase is obtained by cooling the melt at a normal rate (10-20°C
or higher) (Figure 5). In the α-phase, the polymer crystals are very small and arranged as
spherically symmetric polycrystalline aggregates called spherulites that have no net
polarization. These spherulites are composed of 10-20 nm thick crystalline lamellae that
grow out from the center of the spherulite and have the noncrystalline component
interposed between them15 (Figure 7). The most common technique to obtain
macroscopically polar PVDF film or conversion from α-phase to β-phase is by the
mechanical stretching of the film and then electrical poling to align the dipoles in the
same direction (Figure 8).

Figure 7 A schematic diagram of a spherulite and detail of section emphasizing the
lamellar structure13.

10
Typically, the film is stretched 3-7 times its length at elevated temperatures (60140°C) and then cooled at a rate of 10-20°C/min or higher while still in the stretched
state. Mechanical drawing or stretching of the sample causes a breakdown of spherulites
and orientation of molecular chains in the direction of the force. The drawing also rotates
the -CF2- dipoles in the direction of the film thickness. From this point, the film is poled
to align the oriented dipoles of the β-phase and create the necessary strong resultant
dipole moment and remnant polarization. The remnant polarization Pr is the polarization
during poling minus the electronic and the atomic polarization that relaxes at room
temperature once the field is removed. Remnant polarization is the measure of degree of
piezoelectricity in the material; the higher the Pr the more piezoelectric is the material.
Figure 8 shows a schematic diagram of the common process for obtaining piezoelectric
PVDF film.

11

Figure 8 Schematic diagram of the common process in preparing piezoelectric PVDF
adapted from16.
A common method of poling is to apply a static electric field on the order of 0.5
MV/cm at approximately 100°C with a low current, high voltage DC power supply for up
to one hour; this is called thermal poling (Figure 9a). Commercially available PVDF
films, however, are typically poled via corona poling (Figure 9b) because this technique
is amenable to mass production and results in a product with a more stable polarization
over time. In this process, a corona discharge caused by a high electric field, ionizes the
air surrounding a grounded sample; these ions deposit and create a potential across the
sample resulting in poling.

12

Figure 9 Types of polymer poling.

1.2.2 Differential Scanning Calorimetry
Differential Scanning Calorimetry (DSC) is a thermal analysis technique used to
study the thermal transitions in polymers, such as the melting point temperature, Tm, and
the glass transition temperature, Tg. Two pans sit on a pair of identically positioned
platforms connected to a furnace by a common heat flow path (Figure 10). The polymer
sample is placed in one pan while the other is used as the reference pan. The two pans are
then heated or cooled until they reach the selected starting temperature. A typical
temperature program is set to increase the temperature at a fixed rate. As the program
runs, the system monitors the temperature of each pan and keeps the heating rate constant
throughout the experiment. It is important for the system to keep the two separate pans
heated at the same rate. The pan with the polymer sample will take in more heat to keep
the temperature of the sample pan increasing at the same rate as the reference pan. If the
temperature differs from the programmed temperature in either pan, the pan is heated or
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cooled to keep a constant temperature. The difference in the energy supplied to the two
pans per unit time (dq/dt) is proportional to the heat capacity of the sample. That energy
difference is monitored and results in the DSC thermograph; its y-axis is the heat capacity
as a function of temperature (x-axis). To obtain results having higher accuracy MDSC
was used.

Figure 10 Schematic drawing of a DSC.

Using the Modulated DSC (MDSC) technique to run the samples can
simultaneously improve the sensitivity and the resolution of the DSC experiment due to
its advantages which are: separation of complex transitions into more easily interpreted
components; ability to more accurately determine the crystallinity of semi-crystalline
polymers; and increase of the resolution without loss of sensitivity17. MDSC permits
separation of the total heat flow signal into its thermodynamic (heat capacity) and kinetic
components. MDSC, instead of using a single linear heating rate as used in traditional
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DSC, employs a modulated or sinusoidal change in heating rate in order to automatically
separate the heat capacity baseline from the total heat flow, so it can separate the thermal
transitions that depend on heat capacity and those transitions that depend on the kinetic
component. The transitions that depend on heat capacity are heating rate dependent and
appear on the reversing heat flow curve, like glass transition, Tg, and some melts. The
transitions that depend on kinetic components are time dependent and appear on the nonreversing heat flow curve, like enthalpy relaxations, evaporation of solvents,
crystallization and some melts.
MDSC is an important tool to study the thermal transitions in PVDF. The main
use of MDSC in PVDF studies is to determine the melting point, percentage of
crystallinity in the sample, solvent evaporation and annealing. Melting peak temperature
of PVDF polymer depends on the molecular weight of the sample. M. Neidhofer et al18
studied the effect of annealing on the PVDF. The results showed that PVDF MDSC first
heat show an endothermic peak around 65-69 ºC due to annealing; this peak shifts to a
higher temperature by the increase in annealing time and annealing temperature (Figure
11).
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Figure 11 The MDSC of PVDF after annealing for various times at (a) 23ºC (b) 60ºC (C)
100ºC18.

1.2.3 Thermally Stimulated Current
The Thermally Stimulated Current (TSC) technique is ideal for the investigation
of the structure of polymers, semi-crystalline polymers, co-polymers and blends because
it is a more sensitive alternative than other thermal analysis techniques like Differential
scanning calorimetry (DSC) and Dynamic mechanical analysis (DMA) for detecting the
transitions that depend on changes in mobility of molecular scale structural units19.
Thermally Stimulated Current (TSC) is also a powerful technique that helps in the
understanding of the charge-storage and charge decay process in electrets. Electrets are
polymeric materials, which have been electrically polarized so that one side has a positive
charge and the other side a negative charge. Heating certain dielectric materials to a high
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temperature and then letting them cool while immersed in a strong electric field produce
electrets.
The principal of TSC is to orientate polar molecules or polar groups of
macromolecules by applying a high voltage field at an elevated temperature. Then the
material is quenched to a lower temperature under a constant field, which causes the
molecular motion to cease. Subsequent heating causes the oriented dipoles to relax. This
relaxation motion generates a depolarization current that relates directly to the molecular
mobility, providing a direct probe into the internal physical and morphological structure
of the material. Every peak of the depolarization current can be linked to a specific
relaxation mode characterized by its position at temperature (T) and its intensity current
(I). The application of a static electrical field on a dielectric material can cause three
kinds of dipole polarization in the material; orientation polarization, space charge
polarization and interfacial polarization.
Orientation polarization is due to the orientation of permanent or induced dipoles
in the material. Orientation polarization is important because it is in direct relation to the
response of the material itself. Space charge polarization occurs in a high voltage field
when the contact between the electrodes and the sample are not sufficient. As a result,
some charges can appear near the electrodes. These charges can have either polarity, even
near the same electrode, and they have multiple origins. The heterocharges (opposite
polarity of the nearest electrode) can come from ion migration and the homocharges
(same polarity of the nearest electrode) are injected by the electrode breakdowns, which
take place in air inclusions. Finally, the interfacial polarization is when space charges
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tend to accumulate near the interfaces between the zones of different conductivity in
heterogeneous materials. This effect can be seen in composites and blends.
TSC can uncover the three polarizations described above. At low temperature the
dipoles and charges remains virtually immobile. However, when a material is heated,
dipoles and charges quickly regain their motion freedom. During such a heat-stimulated
discharge, the material connected to two electrodes generates a current, which shows a
number of peaks when recorded as a function of temperature. The shape and location of
these peaks are characteristic of the mechanism by which charges are stored. There are
many factors affecting the TSC spectra, such as poling temperature, poling field, poling
time, material thickness and heating rate. Below is the description of these factors:
Polarization temperature (Tp), this factor has a significant influence on the
position and the magnitude of the peak current. For a single relaxation time process, the
TSC peak remains unaltered, while the magnitude increases with increasing Tp. For a
distributed relaxation process, the position and the magnitude of the current peak depend
on Tp. As Tp increases, slower dipoles are activated and the magnitude of the current peak
increases while the peak position shifts towards higher temperature18.
Polarization field (Ep), defined as the electric field subjected to the electrets.
Dipolar polarization or space charge polarization can be distinguished by varying the
poling field. In TSC spectra, the peak due to dipolar polarization varies linearly with the
polarization field20.
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Polarization time (tp), the position and magnitude of the current peaks are affected
significantly by the polarization time. The peak gets wider and higher in the magnitude
by increasing the polarization time.
Material thickness, the charge collected of electrets depends on thickness. The
heterocharge released in the TSC has a linear relation with the thickness of the specimen.
Heating rate, by increasing heating rate the magnitude of the peak increases and
shifts to a higher temperature.
The TSC of PVDF has been studied extensively15 both for stretched and
unstretched PVDF. In the case of unstretched PVDF, or α-phase, most researchers have
observed the αa and αc relaxations in their TSC study below room temperature. The αa
relaxation (-50°C to -40°C), is due to the dipole relaxation in the amorphous region21,22
which is related to the micro-brownian motion in the amorphous main chain, and this
peak appears in all PVDF samples with different phases23. The αc above Tg (around -20
°C) is attributed to the molecular motion in the form II crystalline region; this peak only
appears in the α-phase PVDF and it reduces and disappears by mechanical stretching of
the film24. The reduction in the αc peak by stretching may be explained by the mechanical
alignment of PVDF chains in the stretching direction, which reduces the interaction of the
field with the dipole moment component parallel to the polymer chain. Eliasson25
reported that by increasing the polarization field up to 2MV/cm, a new current peak at
0°C appears; this peak showed up after poling with 1MV/cm and increase in its
magnitude by with the field strength. Eliasson reported that the peak magnitude, position
and shape could vary from one case to another, and suggested that the peak is caused by
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the relaxation of dipoles in the polar form created by the influence of a strong electric
field. Eliasson also reported two peaks at 70°C and 95°C; the peaks have poor
reproducibility and non-linear dependence on the poling field, further more, they are
affected by the choice of the electrode material. She concluded that the 70°C peak is due
to space charges trapped at the lamellar folds and the 95°C peak can reasonably be
attributed to the charges trapped along the polymer chain or crystalline amorphous
boundaries. She also reported a third peak at 160°C due to the pre-melting of the samples.
Mizutani et al24, in their study of the form II or α-phase PVDF, TSC spectrum has
two peaks above room temperature the first one is around 20-50 °C. They reported that
this peak shifts to a lower temperature by increasing the electric field. The second peak
around 80 °C appears only when the sample is poled at a high electric field; they
suggested that this occurred due to phase transformation from α-phase to polar α (δphase). They explained the formation of these two peaks due to the interfacial
polarization formed by trapped carriers in the surface region of non-polar and polar αform crystals. Mizutani et al showed that the TSC spectrum of the stretched PVDF, βphase, has only two peaks, the first is around -50°C and corresponds to the αa relaxation
in form II PVDF, related to the micro-brownian motion in the amorphous main chain
(Tg). The second peak around 80°C is associated with carrier traps in the surface region
corresponding to the interfacial polarization in the amorphous-crystalline boundaries24;
they reported that the peak remained unchanged with the increase of the polarizing field.
Murayama et al26 studied the TSC spectrum of stretched PVDF form I or β-phase from
room temperature to the melting point temperature. The current temperature spectrum
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showed five different current peaks. Peak one around 60 °C is usually a weak peak due to
the molecular motion and formed when the molecular motion is stopped by cooling
below this temperature. Peak two depends on the poling temperature as it appears near it.
They further reported that this peak appears at a lower temperature as the poling field
increases, which corresponds to what Mizutani reported about the third peak in the αphase. The third and the fourth peaks are near the melting temperature as a positive and
negative polarization respectively. The final peak, the fifth, is a large positive
polarization near the melting temperature.
To summarize how to distinguish between α and β-phase using TSC technique, a
typical TSC thermograph of α-phase PVDF poled at different poling fields is shown in
Figure 12. The higher the electric field applied, the higher the peak intensity. It is
surmised that the third peak P3 is related to the interfacial polarization or space charges,
the peak decreases to a lower temperature as the poling field increases. But P1, which is
related to dipole orientation, remains at the same temperature with the increase in the
poling electric field.

Figure 12 PVDF α-phase poled at various electric fields27.
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TSC spectrum peaks of PVDF β-phase are identified by their movement towards
higher temperatures with increase in the poling temperature. The peak temperature is at
or around the polarization temperature (Figure13).

Figure 13 β-phase PVDF poled at various temperatures24.

1.2.4 Dielectric Measurement of PVDF
Dielectric spectroscopy technique measures the dielectric properties of a medium
as a function of frequency. In the case of polymeric medium, dielectric spectroscopy is a
powerful technique that is capable of probing the molecular motion and the electric
properties. The dielectric constant or relative permittivity of a material is the ratio of the
dielectric constant of the material to that of vacuum (Equation 1). The capacitance
measures the extent to which charge can be stored.

εr =

ε'
ε0

Equation 1
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The complex dielectric properties, the relative permittivity (ε’) and the loss factor
(ε”) are determined by scans as a function of frequency. An alternating current (Vrms =
0.005-1.1 volts) external electric field is applied across the material placed in a capacitor
plate configuration (Figure 14). The displacement of the charge by applying the electric
field is called “polarization”. The dielectric properties of a material are defined by a
complex dielectric permittivity, ε (Equation 2),

ε* = ε’ + iε”

Equation 2

Figure 14 Parallel plate works as a capacitor for dielectric measurement28.
Where ε’ is the dielectric constant of the material, also known as the relative
dielectric permittivity, and it is used to define the ability of the material to store electrical
charge. ε” is the imaginary part, which is related to the material loss and known as the
dielectric loss.
The dielectric constant ε’ is calculated by Equation 3, where C is the capacitance,
d is the thickness of the sample, A is the area of the parallel electrodes and ε0 is the
dielectric permittivity of vacuum (ε0 = 8.85 x 10-12 F/m).
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ε' =

C .d
A.ε 0

Equation 3

The dielectric constant of the material depends on the material’s polarization, the higher
the polarizability of the molecules is the higher the dielectric constant. Polarization
mechanisms have several types discussed below.
There are four different types of polarization mechanism that can affect the
dielectric constant and dielectric loss of the material: electronic polarization, atomic
polarization, orientation polarization and interfacial polarization. In a given dielectric
material, the total polarization is a sum of all the polarizations resulting from each one of
them.
The polarizability of non-polar molecules arises from two polarization
mechanisms, electronic and atomic. While in polar molecules depend on dipolar and
interfacial polarization mechanisms.
Electronic polarization mechanism, occurs at the molecular level and arises from a shift
of the center of mass of the negative electron charge cloud surrounding the positive
atomic nucleus when an electric field is applied, as shown in Figure 15. This charge
displacement acts to neutralize part of an applied field. This occurs in materials where the
structure is formed from the molecules of different atoms with different
electronegativities. Forming molecules of different types of atoms, results in the
displacement of their electron clouds towards the stronger binding atom. This shift of the
electron cloud results in change of atoms polarity, whose equilibrium position is further
changed when electric field is applied.
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Figure 15 Effect of electric field on electronic polarization29.

Atomic polarization mechanism occurs due to the shift of the atom itself, and it is usually
due to the deformation of positive and negative atoms under the force of the applied field.
Figure 16 is a schematic diagram of the atomic polarization.

Figure 16 Effect of electric field on atomic polarization29.

Dipolar polarization mechanism, also known as orientation polarization, occurs when
applying field to a randomly oriented dipolar material, in which the applied field cause a
net orientation parallel to it, as illustrated in Figure 17.
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Figure 17 Effect of electric field on dipolar polarization29.

Interfacial polarization, also known as ionic relaxation, is comprised of ionic conductivity
and space charge relaxation. Ionic conductivity predominates at low frequencies and
introduces only losses to the system. Interfacial relaxation occurs when charge carriers
become trapped at interfaces of heterogeneous systems. A schematic of interfacial
polarization mechanism is shown in Figure 18.

Figure 18 Effect of electric field on interfacial polarization29.
Each dielectric mechanism effect has a characteristic relaxation frequency. As the
frequency becomes larger, the slower mechanisms drop off. A dielectric permittivity
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spectrum over a wide range of frequencies includes the real and imaginary parts of
permittivity are shown in Figure 19. Electronic and atomic polarizations due to the inertia
of orbiting electrons, known as the inertia effect, have a small magnitude except at the
resonant frequency. Electronic polarization occurs at a characteristic frequency of about
1015 Hz and atomic polarization occurs at about 1012 Hz. Lower frequencies of
measurement at a given temperature will allow dipoles to reorient and contribute to
dipolar polarization, whereas higher frequencies will not induce as large a dipolar
polarization. This occurs at about 107 to 109 Hz, depending on factors which affect the
mobility of the charge carriers such as viscosity of the material and temperature.
Interfacial polarization occurs at frequencies below 10 Hz and is generally observed in
polymers having structural inhomogeneities or inclusion. The interfacial polarization is
seen to decrease with the increase in frequency.

Figure 19 Frequency response of the dielectric mechanism30.

The effect of crystalline phase on the real (ε’) and imaginary (ε”) parts of the
relative complex permittivity on PVDF has been studied at both room temperature and
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under linear heating of the sample. At room temperature measurements, Gregorio et al31
observed increase in the dielectric constant ε’ in the whole frequency range with the
increase in the β-phase present in the sample, which also increases with the drawing ratio.
The difference in morphology of the samples may also affect the orientation of PVDF
dipoles resulting in different dielectric constant (ε’) values. It is observed that results
may vary due to the porosity of samples. Samples obtained from solutions are more
porous than those obtained from melt and these results in different dipole densities. These
results can also be affected by the difference in morphology related to the sample thermal
history. The dielectric constant ε’ value increases by heating the sample because an
increase in temperature reduces the tension on the molecules caused by drawing,
reducing packing and making the dipoles free to orient. This increases the dipolar
orientation and results in the increase of ε’ value.
PVDF β-phase dielectric spectroscopy under heat is quite different from that of
the PVDF α-phase. The dielectric study on PVDF β-phase by S. Lanceros-Mendez32
shows the low temperature β-relaxation assigned to the glass transition dynamics (-30
ºC), but no α-relaxation associated with molecular motions within the crystalline fraction
is observed at higher temperature (around 50 ºC). An increase of the dielectric loss and
shrinkage of the sample was observed instead (the film returns to its original shape before
stretching). The decrease in the ε’ above 90 °C is associated with the change in the
geometry of the sample (shrinkage) owing to release of the molecular orientation.
Furukawa et al33 summarize the differentiation between α-phase and β-phase
dielectric spectroscopy. At room temperature dielectric measurement, the increase in β-
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phase increases the dielectric constant of the sample. By heating the sample, the dielectric
relaxations due to molecular motion in the polymer can be determined. Figure 20 shows
the difference between the dielectric constant ε’ and the dielectric loss ε” of α-phase and
β-phase. The dielectric constant of both α and β-phase are the same, but the dielectric loss
are different for both phases; α-phase has two peaks where the first is related to the Tg
relaxation and the second one is the α-relaxation which is a characteristic peak related to
the molecular motion of the polymer chains in the crystalline region due to the orientation
of dipoles. The dielectric loss of the β-phase exhibits only one relaxation related to the
glass transition, Tg.

Figure 20 PVDF Dielectric relaxations33.

1.2.5 X-ray of PVDF
X-ray diffraction (XRD) is one of the most important non-destructive tools used
to analyze all kinds of matter ranging from fluids, to powders and crystals. From research
to production and engineering, XRD is an indispensable method for materials
characterization and quality control. X-ray crystallography, the study of crystal structures
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through X-ray diffraction techniques, generally leads to an understanding of the material
and molecular structure of a substance. When an X-ray beam bombards a crystalline
lattice in a given orientation, the beam is scattered in a definite manner characterized by
the atomic structure of the lattice. This phenomenon, known as X-ray diffraction, occurs
when the wavelength of X-rays and the inter-atomic distances in the lattice have the same
order of magnitude.
Daniel M. Esterly et al34 summarized the crystal planes of different PVDF crystal
phases and their corresponding 2θ peaks; the results are shown in Table 2.

Table 2 Crystal planes of the different PVDF phases34
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1.2.6 Fourier Transform Infrared of PVDF
Fourier Transform Infrared (FT-IR), or FT-IR Analysis, is an analysis technique
that provides information about the chemical bonding or molecular structure of
materials, whether organic or inorganic. It is used to identify unknown materials and
material phases present in a specimen.
The technique works on the fact that bonds and groups of bonds vibrate at
characteristic frequencies. A molecule that is exposed to infrared rays absorbs infrared
energy at frequencies that are characteristic to that molecule. During FT-IR analysis, a
spot on the specimen is subjected to a modulated IR beam. The specimen's
transmittance and reflectance of the infrared rays at different frequencies is translated
into an IR absorption plot consisting of reverse peaks. The resulting FT-IR spectral
pattern is then analyzed and matched with known signatures of identified materials in
the FT-IR library. Many literature sources provide the locations of both α-phase and βphase PVDF peaks. Characteristic α-phase peaks are located at 614, 762, 795, and
975cm-1

35,36,37

. The β-phase PVDF characteristic peaks located at 440, 470, 510, 840

and 1280 cm-1 38,39,40.

1.3 Electrospinning and electrospraying process
Electrospraying and electrospinning are done using the same setup shown in
Figure 21, the difference between them is the formation of micro-scale and in some cases
nanoscale- fibers by electrospinning and formation of thin films by electrospraying.
Boland et al41 and S. L. Shenoy et al48 reported by experimental observations that for
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fiber formation to occur or electrospinning to take place a minimum polymer
concentration is required. Below this concentration, application of high voltage will result
in electrospraying instead of electrospinning due to the insufficient chain entanglements
in the polymer chains network. As the concentration of the polymer solution increases a
mixture of beads and fibers is obtained, increasing the polymer solution concentration
further results in continuous polymer fibers. At higher polymer concentration, uniform
fibers are no longer formed due to the high solution viscosity.

Figure 21 Electrospinning /Electrospraying setup.

Both electrospraying and electrospinning use the same mechanism; the principle
of electrospraying/electrospinning is that, a polymer solution is held by its surface tension
at the end of the capillary tube subjected to an electric field. Charge is induced on the
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liquid surface by the electric field. As the intensity of the electric field is increased, the
hemispherical surface of the solution at the tip of the capillary tube elongates to form a
conical shape known as the Taylor cone42. When the electric field reaches a critical value
at which the repulsive electric force overcomes the solution surface tension force, a
charged jet of solution is ejected from the tip of the Taylor cone traveling to the grounded
metal screen. The jet, like any unconfined liquid column, is susceptible to Rayleigh
instability39, which in turn, leads to the creation of droplets. If the solvent is relatively
volatile, evaporation lead to shrinkage of the droplets and an increase in excess charge
density, which leads to break-up into smaller droplets as shown in Figure 22, and this in
turn, leads to electrospraying. If the solution is more concentrated, the chain
entanglement in the polymer solutions or melts help to stabilize the initial jet against
break-up into droplets. Solvent evaporation ultimately stabilizes the jet, the result being a
continuous fiber, resulting in electrospinning.

Figure 22 Electrospraying mechanism.

Some of the previous research focuses on application of spun PVDF as electronic
devices such as push buttons and PVDF-based gel polymer electrolytes in lithium

33
batteries . PVDF shows low ionic conductivity and good electromechanical stability
43

because the crystalline part of PVDF delays the migration of Li+ ions, resulting in lithium
polymer battery with low charge/discharge capacity.
Early work by Sakata et al36 successfully prepared a highly oriented β-phase
PVDF by electrospraying 0.2wt% of PVDF in DMF. The solution passed through a
nozzle to which a high voltage (8-15kV) was applied and sprayed into dry nitrogen gas in
order to evaporate the solvent. X-ray and FT-IR measurements confirmed the formation
of β-phase. Choy et al44 successfully sprayed an oriented PVDF thin film by using
solutions of PVDF in DMF and DMA solvents. They used a vapor deposition-based
method, and this method involves corona spraying of PVDF solution onto a hot substrate
surface. The corona field is important to form the oriented polar PVDF film, where the
corona field transports the charge droplets of PVDF solution onto the substrate to form
the PVDF film and forces the polar group to align along the corona field. The utilization
of corona field during the deposition process and cooling down of the film is effective in
controlling the crystal form and its orientation. X-ray and FT-IR characterization methods
proved the formation of oriented β-phase. Neither of these studies systematically
investigated the electrospinning/spraying parameters on the formation of α and β-phases,
which is one of the goals of this thesis.
The addition of Carbon nanotubes (CNT) to the polymer matrix is expected to
improve thermal, mechanical and electrical properties due to the outstanding mechanical
and electrical properties of CNTs. CNTs are not only highly efficient conductors of heat
and electricity, but they also have a tensile modulus and strength from 270 GPA to 1Tpa
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and 11-200 GPA respectively, that is 100 times that of steel with only one-sixth the
weight (density is ~1.3 g/cm3). CNTs are thermally stable up to 2800°C in vacuum, their
thermal conductivity is twice that of diamond and their electric conductivity is 1000
times higher that of copper wires45. Because of all these excellent properties, polymer
composites with CNT are expected to improve the mechanical and the electrical
properties of the polymer matrix. Seoul et al46 studied the electrospinning of PVDF
solution in DMF with carbon nanotubes to obtain a conductive polymer/CNT composite
in the form of nanoscale fibers. For stable fiber formation they used the 20 wt% PVDF in
DMF throughout the experiment, they reported electrospraying took place for the 10wt%
polymer solution. By increasing the CNT contents from 0 to 0.015wt% a dramatic
increase in the polymer conductivity of five orders of magnitude resulted. Banda et al47
successfully used the electrospinning technique to align single wall carbon nanotubes in
the polymer matrix, which can improve the electric, and the mechanical properties of the
polymer.
Although these studies explored the effect of CNTs on the composite properties,
they did not focus on their effect on the α- and β-phase formation.

Chapter 2: Scope of thesis
This chapter will give description of the problem statement, objectives of this
study and finally the organization of the thesis.

2.1 Problem statement
A growing interest exists in the development of new methods of material
fabrication that can save labor, time and energy. Poly (vinylidene fluoride) (PVDF) with
the repeat unit (CH2-CF2) is one of the most studied polymers of the last decade. PVDF
has been extensively studied both theoretically and experimentally since the discovery of
its unusually high piezoelectric and pyroelectric coefficients (the largest among synthetic
polymers). The most important reason for its piezoelectricity is related to its internal
crystal structure5. However, the preparation of highly oriented β-phase PVDF is energy
and time consuming due to the multiple steps in the preparation. First the film is prepared
from melt (α-phase), and then stretched at a high temperature and high drawing ratio and
finally a high electric field is applied. In this study a one step process is explored for the
preparation of β-phase PVDF through electrospraying and/or dispersion of carbon
nanotubes in the polymer matrix. The advantage of using electrospraying for the
preparation of β-phase PVDF is that electrospraying is a one step process, which is
inexpensive and simple, and therefore can save labor, time and energy. The equipment
needed for electrospraying, as described in chapter 1, is simple and inexpensive.
34
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The main goals of this study are (1) to prepare the oriented (poled) β-phase
PVDF through the electrospraying technique, and (2) to select the right parameters, listed
in Table 3 in chapter 4, to successfully take α-phase PVDF into β-phase PVDF.
A second approach is pursued to assess the potential of achieving β-phase from
electrospraying; through the addition of carbon nanotubes (CNT) to the PVDF solution
prior to the electrospraying. The specific goal here is to investigate the effect of CNT on
crystal morphology and crystal formation of PVDF.
Different techniques are used to characterize the electrosprayed PVDF and
PVDF/CNT. Modulated Differential Scanning Calorimetry (MDSC) and Thermally
Stimulated Current (TSC) are used to characterize and study the effect of the
electrospraying process on the PVDF thermal behavior. X-Ray diffraction and FT-IR
techniques are used to investigate the changes in PVDF crystal phases due to the
electrospraying and also to the addition of CNTs to the polymer matrix. Finally dielectric
spectroscopy and conductivity measurement are used to study the electric behavior of
both PVDF and PVDF/CNTs nanocomposites.
The objectives of this study are:
1- To prepare oriented β-phase PVDF using electrospraying in a one step process.
2- To investigate the effect of electrospraying on the crystal structure of PVDF.
3- To assess the effect of different electrospraying parameters on electrosprayed PVDF.
4- To investigate possible crystal morphology changes in PVDF by embedding CNT.
5- To compare thermal and electrical characteristics of electrosprayed PVDF and
electrosprayed PVDF+CNT nanocomposites.
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2.2 Organization of Thesis
This study consists of five chapters. Chapter 1 is a literature review on piezoelectric
polymers in general, a more detailed literature search on PVDF, and a description of the
electrospraying process. Chapter 2 introduces the problem statement and organization of
the thesis. Chapter 3 is the experimental section, consisting of processing of PVDF and
PVDF-CNT nanocomposites, and characterizing the resulting electrosprayed PVDF and
PVDF nanocomposites through thermally stimulated current (TSC), differential scanning
calorimetry (DSC), optical microscopy, scanning electron microscopy (SEM), FT-IR
measurements, X-ray diffraction (XRD) and dielectric spectroscopy. Chapter 4 presents
the results obtained from the previous techniques with a discussion of their relevance and
meaning to the stated goals. Chapter 5 offers conclusions and recommendations for future
work.

Chapter 3: Experimental
This Chapter provides a thorough description of the various experimental methods
used throughout the project. The process of preparing the PVDF solution is first
explained. Followed, by a detailed description of the electrospraying technique and the
thermal, electrical and scanning techniques used to investigate the effect of
electrospraying on the structural and behavior changes of PVDF.

3.1 Preparation of PVDF solutions
PVDF pellets and all solvents were obtained from the Sigma-Aldrich Chemical
Company. Two different pellets with high and low molecular weights of 530,000 and
180,000 were used. The solvents used in the study were, N,N-Dimethylformamide
(DMF), N,N-Dimethylacetamide (DMAc) and Acetone. Both DMF and DMAc are
99.8% anhydrous. These solvents were chosen because of their favorable polarity as well
as stronger solvent. Acetone was selected because of its volatile characteristic.
A three neck round bottom flask equipped with a mechanical stirrer and a heater
was used in the preparation of the PVDF solutions. Solutions prepared using the low Mw
PVDF pellet the solid weight percent were 10wt% to 15wt%, and for the high Mw pellets
20wt% to 30wt%. Depending on the weight percent required, relative weights of PVDF
37

38
pellets and solvents are mixed in a 3-neck flask with the help of a stirrer at high
temperatures (T = 80 ºC).

3.1.1 Electrospraying of PVDF
The electrospraying setup used in these studies was simple, inexpensive and
portable. A high voltage power supply was employed. The power supply, model number
CZE1000R from Spellman High Voltage Electronics Corp., (Hauppage, NY) and with a
voltage range of 0-30 kV, was used to charge the polymer solution at the tip of the
syringe needle via an alligator clip. The syringes employed were 18 gauge BD needles,
obtained from Becton Dickinson, (Franklin Lakes, NJ). To maintain a continuous
polymer solution, the needle tip was supplied at a desired infusion rate using a syringe
infusion pump (Fisher Scientific, Pittsburgh, PA).

For protection from hazardous

solvents and high electric fields, a protective acrylic shell ventilated with a fume hood
hose connected to the shell and covered the entire setup. A grounded collector plate or
substrate purchased from McMaster-Carr Supply Co., (Atlanta, GA) was attached at
some distance from the needle tip. A schematic diagram of the electrospraying apparatus
is illustrated in Figure 23.
Once the voltage applied to the tip of the needle overcomes the surface tension of
the solution, a solution jet is ejected towards a grounded collector plate or substrate. As
the jet travels, the solvent evaporates, leaving a solid polymer deposit on the substrate.
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Figure 23 Electrospining setup.

3.1.2 Optical microscopy and SEM
Optical microscopies were utilized to observe the sprayed film and spun fibers
morphology and assess the CNT dispersion in the polymer matrix. A Nikon Optiphot
optical microscope with 50, 200, 400 and 1000x magnification lenses with a Panasonic
Gp-KR222 digital camera was connected to the microscope. The optical microscope was
coupled with Video Capture V.2.10 software. All samples were placed between two precleaned microscope glass slides from Fisher Scientific.
Scanning Electron Microscopy (SEM) was performed on JEOL JSM-6400.
Samples were sputtered with gold-palladium prior to testing.
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3.1.3 Modulated Differential Scanning Calorimetry.
MDSC was performed on PVDF electrosprayed samples using a TA Instruments
Q1000 TZero®. Measurements using the Modulated DSC (MDSC) technique were
completed for all samples. Heat flow was monitored over the range of -80°C to 200°C
with temperature modulation (+/- 0.8°C every60 sec) superimposed on a 5°C/min heating
rate. All samples were placed in a crimped aluminum pan typical to the reference pan in
size, approximately 23 mg in weight. Experimental runs were done under purge gas
(nitrogen at 50ml/min).

3.1.4 Thermally Stimulated Current
Thermally stimulated current spectrum was obtained for electrosprayed PVDF
samples using a SETARAM TSC 3000 machine. The machine external chamber was
vacuumed 30 minutes before running the experiment to ensure that there were no
impurities or dust in the chamber. The sample was placed between two electrodes
connected to the electrometer. After placing the sample in the machine, the vacuum pump
was run to remove air from the internal chamber, so that could be filled with helium gas,
which is a good thermal conductor.
In the TSC study, the dependence of depolarization current on both the poling
temperature and poling field was investigated. The commercially stretched PVDF (βphase film) and the melt pressed from pellets (α-phase film) were used as control samples
to compare the results with the electrosprayed PVDF results.
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In the investigation of the dependence of depolarization current on the electric
field, the samples were poled at the same temperature using different electric fields. All
samples were heated without poling, from room temperature until it reached 80 °C to get
rid of space charge. In the second run, the sample was heated to the poling temperature
set at 80 ºC in this case. Voltage was then set to the required electric field (poling field).
After 10 minutes, the poling time, the sample was rapidly cooled using liquid nitrogen at
room temperature while the electric field was still on. Finally the sample was heated at a
constant heating rate of up to 120°C. While heating the sample, the computer recorded
the depolarization current as a function of temperature.
In the case of investigating the dependence of depolarized current on poling
temperature, the samples were poled with the same electric field at different poling
temperatures. The chamber was vacuumed using the same procedure as mentioned above.
A run to 80 ºC was done to get rid of space charges. The sample was then poled at 1x 104
V/mm electric field at different poling temperature: 60, 70 and 80 °C. The heating rate
was constant through out the whole TSC runs (7 ºC/min).

3.1.5 Dielectric spectroscopy
Dielectric spectroscopy is divided into two parts, dielectric measurements at room
temperature and dielectric measurements while the samples were heated. A Hewlett
Packard 4284A high precision LCR meter was used to measure the dielectric constant of
the electrosprayed and spun PVDF. A Sun Systems Environmental chamber model
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EC1.3W with a range of -170°C to 400°C was used to heat the samples while measuring
the dielectric constant.
First the dielectric measurements at room temperature was taken at frequencies of
20,100, 500, 1x103, 5x103, 1x104, 5x104, 1x105, 5x105 and 1x106 Hz. A sample with a
known thickness was placed between two electrodes connected to the LCR meter,
Capacitance was measured and dielectric constant was calculated using Equation 3.
Dielectric measurements while were measured at frequencies of: 20, 100, 1x103 and
1x105 Hz. A sample of known thickness was electroded on both sides using the high
purity silver paint and the electrode area was measured. This sample was placed between
two electrodes of a circular Teflon holder and then the holder and the sample were placed
in the environmental chamber oven. All samples were cooled to -100°C and then heated
to 160°C with a heating rate of 2°C/min and a step temperature of 5°C with a soak time
of 1 min. Both the LCR meter and the chamber was interfaced with labview software,
which converts the raw data from the LCR meter in form of capacitance into dielectric
constant (ε) using Equation 3.

3.1.6 X-Ray Diffraction
X-ray diffraction was performed on the electrosprayed samples using two
different machines. The β-phase and α-phase control samples and electrosprayed PVDF
in DMF and DMAc were measured on a Philips X-ray diffractrometer. The sample was
measured in the 2θ angle range of 10- 50º, with a step size of 0.02º and the time for each
step of 1 sec. The rest of the samples were measured using BRUNER AXS D8 Advanced
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machine in the 2θ angle range of 5-60º with a step size of 0.008° and the time for each
step of 1 second.

3.1.7 Fourier Transform Infrared Spectroscopy
FT-IR technique is used in the analysis and identification of unknown materials or
material phases present in a specimen. It is considered to be one of the most powerful
techniques used in the identification of materials. The PVDF sample molecule that is
exposed to infrared rays absorbs infrared energy at frequencies that are characteristic to
that molecule. During FT-IR analysis, a spot on the specimen is subjected to a modulated
IR beam. The specimen's transmittance and reflectance of the infrared rays at different
frequencies is translated into an IR absorption plot consisting of reverse peaks.
Fourier Transform Infrared Spectroscopy (FTIR) was performed on PVDF
samples using a ThermoNicolet IR300 Spectrometer. The measurements were taken in
the range of 450-1100 cm-1 with 32 scans performed per sample. Data were analyzed by
visually comparing observed differences in intensity of characteristic peaks of the PVDF
crystalline phases using Omnic v. 6.0a software.

3.2 Preparation of CNT PVDF nanocomposite
PVDF pellets were obtained from Sigma-Aldrich Chemical Company, Inc. Two
different pellets with varying molecular weights of 530,000 and 180,000 were used. High
purity, Single-walled carbon nanotubes with a diameter of 1.1 nm, length= 0.5-100
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micrometer and purity of 90+ % were also obtained from Sigma-Aldrich Chemical
Company, Inc.
To prepare SWNT/PVDF composites, the first step was to measure the weight of
the pellets then calculate the solvent and the CNT’s weight required for the desired
solution concentration, The SWNTs were then dispersed in the solvent using a Fisher
FS20 sonicator for 2 hrs. The solvent/CNT solution is added to the pellets in a 3 neck
flask and mechanically stirred while heating it.

Chapter 4: Results and Discussion

This chapter discusses results obtained from the various characterization
techniques used during this project; optical microscopy, SEM, DSC, TSC, XRD and FTIR. This chapter is divided into two sections, the results on electrosprayed PVDF and
those on electrosprayed PVDF/CNT composites.
Results from optical microscopy and SEM were used to determine the physical
structure of the samples. Modulated DSC was used to point out the morphological
changes in the PVDF due to the elctrospraying technique and the addition of CNTs to the
polymer matrix. Thermally stimulated current, dielectric spectroscopy, X-ray diffraction
and FT-IR are used to determine the phase transformation in PVDF due to
electrospraying and incorporation of CNTs.

4.1 Electrospraying of PVDF
4.1.1 Electrospraying process of PVDF
Important parameters that significantly affect the electrospraying and the
electrospinning process are polymer molecular weights, polymer solution concentrations,
and solvent types used in the process. Experimental observations by Suresh48 et al. have
shown that there is a range of polymer concentrations at which the polymer could spin or
45
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spray. In the case of electrospraying, the low molecular weight PVDF pellets
need to have high solution concentrations in the range of 20wt % to 30wt %. The higher
molecular weight pellets need lower solution concentrations in the range of 15wt % to
20wt %. In this current study, the combination of molecular weight and solid content
wasinvestigated to obtain successfully sprayed samples that could be used in the
characterization process. Also, different types of solvents were used at varying
concentrations to study their effects on the electrospraying process.
To study the influence of molecular weight on the electrospraying process,
various PVDF pellet concentrations were prepared. Electrospraying of all low
concentration solutions (less than 20wt% solid for the low Mw (180K) PVDF, and less
than 15wt% solid for the high Mw (530k) PVDF) formed a powder on the collector
substrate. Furthermore, solutions with solid concentrations of more than 30wt% solid for
the low Mw (180K) PVDF and more than 20wt% solid for the high Mw (530k) PVDF
could not be electrosprayed due to high viscosity. Thus the optimum range determined
for the electrospraying process was 20-30wt% for the low Mw PVDF and 15-20wt % for
the high Mw PVDF.
The effects of solvents (Acetone, DMF, and DMAc) on the electrospraying
process were investigated next. For PVDF in Acetone, it was difficult to get freestanding
film or mat due to the rapid evaporation of the solvent. It was also observed that the film
color is dependent on the humidity present during the process: the higher the humidity
(more than RH 40%) the more opaque the film and at lower humidity (less than RH 30%)
the films were transparent. All PVDF solutions in DMF and DMAc formed a uniform
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film, without the formation of any fibers. The addition of Acetone to DMF caused the
formation of fibers and the concentration of 50% Acetone in the solution resulted in the
development of only fibers. The volatility of Acetone helped in drying the jet faster on its
way to the collector substrate, thus preventing the jet from breaking up into droplets.
The voltage required for electrospraying depended on the viscosity of the
solution, higher the PVDF contents in the solution higher the voltage required to in able
spraying. Some of the thermal and electrical characteristics were compared using samples
sprayed with the same solvent at different voltages. The processing of solutions involved
heating the solution while dissolving the pellets using a mechanical stirrer. Low
molecular weight PVDF pellets required more time to dissolve than the higher molecular
weight pellets. It was difficult to achieve a low molecular weight homogeneous solution
in PVDF with Acetone because sustained stirring is required during which time the
Acetone tends to evaporate. The observations discussed in this section are summarized in
Table 3.
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Table 3 Summary of electrospraying parameters

Concentration
(wt %)

Voltages

Distances

Solvent Types

CNT %

10wt% 530K

20 and 25 KV

16 cm

Acetone

0.0

Fibers

11wt% 530K

16 and 20 KV

25 cm

DMAc

0.0

Film

0.0

Comments

Fibers for
DMF/Acetone.
and film for the
rest
Fibers for
DMF/Acetone,
and film for
DMAc
Fibers for
DMF/Acet. and
film for DMF

15wt% 180K

15 and 20 kV

19 and 25 cm

DMF, DMAc
and
DMF/Acetone

15wt% 530K

15 and 20 kV

17, 18, 22, 23, 24
and 30 cm

DMAc and
DMF/Acetone

0.0

20 wt% 180K

15, 20 and 25
kV

16,17,18 and 25
cm

DMF and
DMF/Acetone

0.1

20 wt% 530K

15, 25 and 30
kV

25, 26 and 36 cm

DMAc

0.0

Film

25 wt% 180K

16, 20, 25 and
30 kV

16,19,22, 25, 30
and 35 cm

DMF and DMAc

0.0, 0.1
and 0.2

Film and some
fibers for 0.2%
CNT

30 wt% 180K

20, 25 and 30
kV

13,18,20,23,25,30
and 35 cm

DMF and DMAc

0.0

Film

30 wt% 530K

20kV

30 cm

DMAc

0.0

Film

4.1.2 Optical Microscopy and SEM of Electrosprayed PVDF
The optical microscope and SEM pictures for the 20wt% low Mw PVDF in DMF
electrosprayed at 20kV are shown in Figures 24 and 25 respectively. Figure 24 depict the
formation of a uniformly sprayed film with no traces of fibers. The SEM of the same
sample, shown in Figures 25, also confirms the formation of a uniform film. It is
surmised that electrospraying took place at this case because DMF is a high boiling point
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solvent that is difficult to evaporate in the small distance between the needle tip and the
collector substrate, where the jet gets no chance to dry forming fibers.

Figure 24 Optical microscopy of electrosprayed 20wt% PVDF in DMF.

(a)
(b)
Figure 25 SEM of electrosprayed 20wt% PVDF in DMF (a) 900x (b) 10000x.
Optical microscopy on the 20wt% low Mw PVDF in DMAc electrosprayed at
20kV, is shown in Figure 26. The corresponding SEM is shown in Figure 27. Both
optical microscopy and the SEM confirm that there are no traces of fibers in the
electrosprayed sample. The fact that DMAc is also a high boiling point solvent explains
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the formation of a uniform film making the jet more difficult to evaporate on its way to
the collector substrate.

Figure 26 Optical microscopy of electrosprayed 20wt% PVDF in DMAc.

(a)
(b)
Figure 27 SEM of the electrosprayed 20wt% PVDF in DMAc (a) 900x (b) 5000x.

Adding Acetone to the DMF solution helps in fiber formation as seen in the figure
below. The SEM of the 15wt% high Mw PVDF prepared using a mixture of solvents with
a ratio of 80/20 of DMF to Acetone and electrosprayed at 20kV is shown in Figure 28.
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The SEM below shows that by adding Acetone to the mixture, fibers are formed. As
Acetone is a volatile solvent, it evaporates quickly stabilizing the jet and preventing the
break up of the jet into droplets thus forming fibers.

(a)
(b)
Figure 28 SEM of the electrosprayed PVDF in DMF/Acetone 80/20 (a) 5000x (b)
10000x.
By increasing the percentage of Acetone in the solvent to 50%, only fibers formed
as seen in Figures 29 and 30. The optical microscopy of the 15wt% high Mw PVDF
sample prepared using a mixture of solvents with the ratio of 50/50 DMF to Acetone;
electrosprayed at 15kV is shown in Figure 29. Fibers with an average diameter of
approximately 2µm were formed as seen in the SEM pictures of the same samples in
Figures 30 (a) and (b). Increasing the percentage of the volatile solvent in the solution
helps the solution to evaporate and the jet to dry faster thus avoiding breaking up into
droplets and forming fibers.
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Figure 29 Optical microscopy of electrosprayed 15wt% PVDF in DMF/Acetone (200x).

(a)
(b)
Figure 30 SEM of electrosprayed 15wt% PVDF in DMF/Acetone (a) 900x (b) 5000x.

Using only acetone as a solvent, thin fibers with an average diameter of
approximately 500 nm along with beads are formed as seen in the optical microscopy.
The 10wt% high Mw PVDF in Acetone sprayed at 20kV is shown in Figure 31 and the
SEM of the same sample with two magnifications are shown Figure 32 (a) and (b). The
sample as seen in the SEM picture contains mostly beads. H. Fong et al49 summarized the
factors that affect the formation of beads as described in Table 4. The factor that affects
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the beads formation in our samples was the low viscosity of the solution because of the
low PVDF solid concentration (10wt %) in the mixture solution.

Figure 31 Optical microscope of spun 10wt% PVDF in Acetone.

(a)
(b)
Figure 32 SEM of 10wt% PVDF in Acetone (a) 900x, (b) 5000x.
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Table 4 The factors affecting bead formation
Factors
Viscosity

Surface tension
Net charge density
Neutralization of charge on the jet

Effect
The more viscous the solution, the fewer beads
formed, and the diameter of the beads became
larger and the average distance between beads
longer as the viscosity increases.
Bead formation decreases by the decreasing of
surface tension.
By increasing the net charge, fewer beads
formed, larger diameter of the beads and the
average distance between beads becomes longer
The more neutralized ions, the more beads
formed.

4.1.3 MDSC of electrosprayed PVDF
To determine changes in the thermal behavior of PVDF due to the electrospraying
process, a Modulated Differential Scanning Calorimetry (MDSC) technique was used.
The thermal properties studied include the melting temperature (Tm ) and effects on the
percentage of crystallinity in the PVDF samples due to electrospraying. The sample
MDSC results are compared with the results obtained with two types of PVDF control
samples: PVDF pellets and commercially stretched poled PVDF films. Both control
samples are commercially available and were not used in any kind of experiments before.
In the MDSC study, PVDF pellets were tested as α-phase control samples and the PVDF
commercially stretched poled films as poled β-phase control samples.
MDSC thermographs of PVDF pellets with two different molecular weights are
shown in Figure 33. The PVDF pellets with low molecular weight are almost 10% higher
in crystallinity than the pellets with high molecular weight, which is consistent with the
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higher melting point (around 10°C higher). Around 60°C, there is a dip in both PVDF
pellet thermographs. This dip is related to annealing at room temperature50.

Figure 33 MDSC thermal behaviors of PVDF pellets with different Mw.
The MDSC of both the stretched poled and stretched non-poled commercial
PVDF films is shown in Figure 34. The behavior of the stretched non-poled PVDF was
similar to that of the PVDF pellets with a dip around 60°C due to the annealing at room
temperature. The stretched poled PVDF showed two dips. The first could be due to
annealing at room temperature and the second dip due to annealing at the poling
temperature while manufacturing the film.
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Figure 34 MDSC thermal behaviors of stretched poled and stretched not poled PVDF
films.
Table 5 summarized the results obtained from the MDSC of electrosprayed PVDF
using different parameters. From Table 5 it is observed that electrosprayed low molecular
weight PVDF in both DMF and DMAc has a lower melting temperature compared with
the control α-phase pellet sample. By increasing the concentration of solid PVDF
percentage in the solution to 30wt% PVDF in DMAc, a decrease in the melting point and
an increase in the percentage of crystallinity were observed The reason of lower melting
temperature observed for the electrosprayed PVDF comparing to the control sample,
could be the deformation of PVDF crystals into smaller crystals having lower melting
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temperature. By increasing the solid contents in the solution, the crystal percentage
increases, while their size decreases leading to a lower melting point.

Table 5 Summary of MDSC Results

Sample
name

Solvent

Voltage

Infusion
rate

Distance
from tip

Melting
point

Heat
Capacity

%
Crystallinity

20wt%
PVDF
(180K)

DMF

20 kV

5ml/hr

17 cm

167.81

54.92

52.8

20wt%
PVDF
(180K)

DMAc

20 kV

5ml/hr

17 cm

166.54

61.70

59.3

DMAc

25 kV

6 ml/hr

25 cm

165.74

63.24

60.8

DMF/
Acetone

15 kV

6 ml/hr

24 cm

156.99

55.62

53.5

-------

--------

--------

---------

160.39

60.46

58.1

-------

--------

--------

--------

170.69

59.43

57.15

-------

--------

--------

--------

160.89

50.84

48.9

-------

--------

--------

--------

169.06

50.31

48.4

-------

--------

--------

--------

168.17

47.16

45.3

30wt%
PVDF
(180K)
15wt%
PVDF
(530K)
Melt press
from
pellets
Pellets
(180K)
Pellets
(530K)
Stretched
not poled
film
Stretched
poled film

The percentages of crystallinity in the electrosprayed PVDF samples was
calculated using Equation 4.
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% of crystallinity =

∆Η 1
× 100
∆Η 2

Equation 4

Where ∆Η1 is the heat capacity of the sample measured using MDSC, and ∆Η2 is the heat
capacity of 100% crystal PVDF equal to 103 J/g51.

4.1.4 Thermally Stimulated Current of electrosprayed PVDF
Thermally Stimulated Current (TSC) is a powerful tool used to investigate the
changes in the dielectric behavior of the electrosprayed PVDF. In this study TSC is used
to examine the expected PVDF phase transformations due to the use of electrospraying
technique. The TSC spectrum of the electrosprayed PVDF is compared with that of the
commercially stretched PVDF β-phase film and the melt-pressed from PVDF pellets.
This section discusses the dependence of the TSC depolarization current on the poling
field and poling temperature for the electrosprayed PVDF samples along with the control
samples. In all the TSC experiments the depolarization currents were recorded as a
function of temperature. To compare the TSC results for the samples of different sizes,
the depolarization currents were normalized by dividing by the area of the electrodes for
each sample.

4.1.4.1 Dependence of depolarization current on poling temperature
To test the dependence of the depolarization current on poling temperature, TSC
runs were performed on the electrosprayed PVDF samples at different poling
temperatures keeping the poling electric field constant. The literature review stated that at
a constant poling electric field, the β-phase PVDF current peaks move toward a higher
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temperature as the poling temperature is increased . In the case of α-phase, TSC peaks
26

do not move towards higher temperatures with the application of higher poling
temperature.
The TSC spectra of PVDF melt press from pellets (α-phase control sample) and
the stretched poled PVDF film (β-phase control sample) are shown in Figure 35. The
samples were poled at different temperatures (60°C, 70°C and 80°C) using a constant
electric field (104 V/mm). In the case of the β-phase control sample, the current peaks
occur at approximately the poling temperature and move toward higher temperatures with
the increase in the poling temperature (Figure 35b). In the case of α-phase control (see
Figure 35a) the current peaks occur at approximately the same temperature, i.e., the peaks
do not shift towards a higher temperature with the increase in the poling temperature.
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Figure 35 TSC spectra of α-phase (a) and β-phase (b) poled at different poling
temperatures.
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The TSC spectra of the electrosprayed PVDF using different solvents (DMF,
DMAc, and a mix of DMF/Acetone) are shown in Figure 36. Each sample is poled at a
different poling temperature (60ºC, 70ºC and 80ºC) keeping the electric field constant
(104 V/mm). The TSC spectra of the electrosprayed PVDF samples show that the samples
behavior is similar to that of the α-phase control sample. The current peaks were almost
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Figure 36 TSC spectra of electrosprayed PVDF in DMF (a), DMAc (b) and
DMF/Acetone (c) poled at different poling temperatures.
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at the same temperature and do not move with the increase in the poling temperature.
These temperature peaks are around 40-50°C and related to αi relaxation due to the space
charge25, 26, 27. The peaks are not located at the poling temperatures (60ºC, 70ºC or 80°C),
which is consistent with α-phase behavior. This result supports the idea that although the
sample may contain β-phase in small amounts, most of the sample is in α-phase. The TSC
results are inconclusive, and other characterization techniques are required to investigate
the phase transformations occurring in PVDF due to the electrospraying process.

4.1.4.2. Dependence of depolarization current on poling electric field
Past studies showed that by applying different poling electric fields to the β-phase
PVDF at a constant temperature, the depolarization current peaks occur almost at the
same temperature (which is at or around the poling temperature), but the magnitude of
the peaks increase linearly with the poling electric field27. For α-phase samples, poling
the sample using different poling electric field at a constant temperature results in the
peaks moveing towards lower temperatures as the poling electric fields increase; also the
peak temperature are not located near or around the poling temperature. In this section,
the TSC was performed on the electrosprayed PVDF by poling the sample at a constant
temperature of 80°C using different poling electric fields.
The TSC spectra shown in Figure 37 are for the PVDF melt press from pellets (αphase control sample) and for the stretched poled film (β-phase control sample). Both
samples were poled at 80°C using different electric fields. As expected, the
depolarization current peaks temperature was close to the poling temperature in case of
the β-phase film. The TSC peaks of the α-phase as shown in the figure are at around 50-
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60 °C not at the poling temperature (80°C), which demonstrates that the peaks formation
was due to the αi relaxation related to the space charges.

1.6e-6

1.2e-6

16129 V/mm

1.0e-6

9677 V/mm

8.0e-7

3225 V/mm

6.0e-7
4.0e-7
2.0e-7

Current/Area (A/m2)

Current/Area (A/m2)

1.4e-6

1.4e-6
1.2e-6
1.0e-6

3000 V/mm
2000 V/mm
1000V/mm

8.0e-7
6.0e-7
4.0e-7
2.0e-7

0.0

0.0
20

40

60

80

100 120 140
Temperature (oC)

0

20

40

60

80 100 120 140
Temperature (oC)

(a)
(b)
Figure 37 TSC spectra of β-phase (a) and α-phase (b) poled at different poling electric
field
TSC runs performed on electrosprayed PVDF prepared using different solvents
are shown in Figure 38. The depolarization current peaks of all samples sprayed in DMF,
DMAc and DMF/Acetone were around 50°C to 60°C, and not the temperature (80°C)
where the samples were poled. Also, the peaks move towards lower temperatures with
the increase in the poling field. These peak behaviors are related to the αi relaxation due
to the space charges in the α-phase PVDF (Figure 38b). These TSC results indicate that
the electrosprayed PVDF samples were α-phase or mostly contain α-phase regardless of
solvent used.
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Figure 38 TSC spectra of electrosprayed PVDF in DMF (a), DMAc (b) and
DMF/Acetone (c) poled at different poling electric fields.

4.1.5 Dielectric spectroscopy results of electrosprayed PVDF
In the dielectric measurements section, the dielectric constant was measured for
the electrosprayed PVDF samples prepared using different solvents, and the results were,
compared with the control samples results. Samples melt-pressed from pellets were used
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as the α-phase control sample. PVDF commercially stretched poled film was used as the
β-phase control sample. Previous studies have shown that the dielectric constant values of
β-phase PVDF lie in the range of 10-13, and as the β-phase content in the sample is
increased the dielectric constant also increases. Thus the dielectric constant (ε') of the
samples used in the current study are first measured at room temperature. The measured
(ε') values of the electrosprayed PVDF and the control samples are shown in Figure 39.
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Figure 39 Dielectric measurements of PVDF at room temperature.
The dielectric constant (ε') is measured as a function of frequency in the range of
20 Hz to 1M Hz. In Figure 39 the dielectric constant value of the commercially stretched
poled PVDF (β-phase) is approximately 11 at 1k Hz and that of the melt-pressed from
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PVDF pellets (α-phase) is 5 at 1k Hz. PVDF samples electrosprayed using different
solvents have low dielectric values in the range of 4 to 5. The results indicate that the
electrosprayed PVDF using different solvent mostly contains α-phase, which agree with
the TSC results discussed in the previous section.
This section discusses the dielectric loss (ε'') measurements while heating the
sample at a constant rate. These measurements are used to compare the dielectric
relaxations occurring in the electrosprayed samples to those of the α- and β-phase control
sample behavior. All the dielectric loss measurements were taken in the temperature
range of -70°C to 160ºC as a function of four frequencies, 20 Hz, 100 Hz, 1 kHz, and 100
kHz. The literature review revealed that the dielectric loss (ε'') of the α-phase has two
dielectric relaxations in this temperature range. The first related to the glass transition
temperature (Tg) occurs around -50ºC and the second relaxation is around 50°C to 60°C,
and is related to the α-relaxation associated with the molecular motion in the crystalline
region of α-phase. The dielectric loss (ε'') spectrum of β-phase shows only one relaxation
appearing around -50°C related to the glass transition (Tg) relaxation. These relaxation
peaks for both the α- and β-phase increase in magnitude and move toward a higher
temperature as the samples are heated.
Dielectric loss of commercially stretched poled PVDF film (poled β-phase control
sample) is shown in Figure 40b. The dielectric loss (ε'') results show one relaxation
around the glass transition Tg. This result proves that the commercially stretched poled
PVDF film is β-phase. The spectrum shown in Figure 40a has two relaxation peaks. The
first peak is related to the glass transition Tg relaxation, and the second peak is related to
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the α-relaxation associated with the molecular relaxation in the crystalline region in the
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Figure 40 Dielectric loss spectra of α-phase (a) and β-phase (b)
The dielectric loss spectra of the electrosprayed PVDF in DMF and DMAc are
shown in Figure 41. Both samples behave similarly to the α-phase control sample Figure
40a, showing two peaks related to the Tg and the molecular motion in the crystalline
region. This result indicates that the electrosprayed PVDF sample in DMF is α-phase
PVDF or has a higher content of α-phase, agreeing with the TSC measurements.
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Figure 41 Dielectric loss spectra of electrosprayed PVDF in DMF (a) and DMAc (b)

4.1.6 X-ray results of electrosprayed PVDF
X-ray diffraction is a powerful technique to study the structure of materials. In the
current study this technique is used to study the changes occurring in the structure of
PVDF due to electrospraying. Esterly et al.34 summarized the 2θ different angles for each
PVDF phase in Table 2, in Chapter 1. Figure 42 shows the XRD results of both PVDF
pellets and stretched poled PVDF film. Both samples are used as the control samples in
the XRD study, PVDF pellets for α-phase control sample and stretched poled PVDF film
as β-phase control sample. XRD results show the two peaks that characterize the α-phase
at approximately 2θ of 18.5, 20.2 and two peaks at 20.8°, 36.6° for the β-phase.
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Figure 42 XRD of α-phase (a) and β-phase (b)
The X-ray diffraction results of the electrosprayed PVDF in DMF, DMAc, and
DMF/Acetone are shown in Figure 43. By comparing the electrosprayed PVDF X-ray
results to those of the control samples in Figure 42, electrosprayed PVDF in DMF and
DMAc samples showed the formation of α-phase. This result agrees with the results of
TSC and the dielectric spectroscopy measurement results in the previous sections, while
the electrosprayed PVDF in DMF/Acetone showed only one peak. By comparing this
result with the results of the α-phase and the β-phase control samples it is concluded that
the electrosprayed PVDF in DMF/Acetone consists mostly of β-phase. The reason for the
higher amount of β-phase in the sample could be due to the formation of fibers as shown
in the SEM Figure 30. The fibers may experience stretching in the distance between the
needle tip to the grounded collector, which could induce the formation of β-phase. This
result is contradictory with the TSC and dielectric spectroscopy results. The reason for
this contradiction between the different techniques may be due to the different levels of
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probing between the techniques. TSC and dielectric spectroscopy probe at the molecular
level but XRD probe at the atomic level. The result showed that it is possible to transform
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Figure 43 XRD of electrosprayed PVDF in DMF (a), DMAc (b), and DMF/Acetone (C)
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4.1.7 FT-IR results of electrosprayed PVDF
The characterization techniques used in the study thus far provide contradicting
results. Thus FT-IR is used to investigate and further examine the structural and phase
transformations occurring in PVDF due to the electrospraying process.
The resulting FT-IR spectral pattern is analyzed and compared with the α-phase
and the β-phase control samples. Many literature sources provide the locations of both
α-phase and β-phase PVDF peaks. Characteristic α-phase peaks are located at 614, 762,
795, and 975cm-1. The β-phase PVDF characteristic peaks are located at 440, 470, 510,
840 and 1280 cm-1.
FT-IR spectrum of three different samples is shown in Figure 44, the first one is
the α-phase control sample, the second is the FT-IR of the electrosprayed 20 wt% low
Mw PVDF in DMF sprayed at 20kV and the third is the commercially stretched poled
film (β-phase control sample). By comparing the peaks of these three samples, the results
show that the electrosprayed PVDF in DMF contains mostly α-phase and small amounts
of β-phase. The Figure showed that the sample contains all the peaks related to the αphase (530, 611, 755, 798 and 976 cm-1), and only one peak related to the β-phase which
located at 840 cm-1.

The FT-IR result shows that the elecrtosprayed PVDF in DMF

sample contains small amounts of β-phase; other characterizing techniques such as TSC,
XRD, and dielectric measurements, showed that the sample is α-phase. The reason for the
contradiction could be the inability of the other techniques to determine small amounts of
the β-phase in the sample.
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Figure 44 FT-IR of PVDF 1- α-phase, 2- sprayed PVDF in DMF, 3- β-phase.
The FT-IR spectrum of the electrosprayed 20 wt% low Mw PVDF in DMAc
electrosprayed at 20kV along with the α- and β-phase control samples is shown in
Figure 45. By comparing the peaks of the three samples, the result was close to that of
the electrosprayed PVDF in DMF. The result indicates that the electrosprayed PVDF in
DMAc consists mostly of α-phase and small amounts of β-phase. The Figure shows that
the sample contains all the peaks related to the α-phase (530, 611, 755, 798 and 976 cm1

), and only one peak related to the β-phase which is located at 840 cm-1. This result

agrees with the TSC technique results of the electrosprayed PVDF in DMAc (Figure
38b) and contradicts those of the XRD and the dielectric spectroscopy results. The
reason of the contradiction can be that the level of probing or the small amounts of βphase, which is hard to scan using some of the characterizing techniques.
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Figure 45 FT-IR of PVDF 1- α-phase, 2- sprayed PVDF in DMAc, 3- β-phase.
The FT-IT spectrum of the electrosprayed 15 wt% high Mw PVDF in
DMF/Acetone, electrosprayed using 15kV, result is shown in Figure 46 along with the
α- and β-phase control samples. The result shows that the sample contains small
amounts of α-phase, and mostly β-phase. The Figure shows that the sample contains all
the β-phase peaks which located at 510 and 840 cm-1 and only two out of the five peaks
related to the α-phase. The reason for the higher amounts of β-phase mentioned before,
which is fibers possibly stretched in its way to the grounded substrate transforming the
α-phase to β-phase. This result agrees with the XRD result and contradicts the TSC and
the dielectric spectroscopy measurements. The possible reason for the discrepancy
between different techniques is the level of probing. X-ray and FT-IR techniques probe
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at the molecular level, but TSC, and dielectric spectroscopy probe at are much bigger
level, so it cannot detect small amounts of β-phase in the sample.

Figure 46 FT-IR of PVDF 1- α-phase, 2- sprayed PVDF in DMF/Acetone, 3- β-phase.

4.2 Electrospraying of PVDF/CNT composite
In this section, the change in morphological, electrical, and thermal properties of
the electrosprayed PVDF due to the addition of CNTs will be discussed. The preparation
of the PVDF/CNT samples used in this set of experiments has been explained in details
in Chapter 3, sections 3.11 and 3.2.
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4.2.1 Electrospraying process of PVDF/CNT composite
All electrosprayed PVDF/CNT composites were sprayed using low molecular
weight pellets (180,000), and CNTs were added to the polymer matrix with 0.1 and
0.2wt% concentration. Electrospraying a solution of 20wt% PVDF/CNTs solid
concentration in DMF or DMAc solvent leaves a porous powder layer that is hard to
remove from the collector substrate. Increasing the solid concentration to 25wt% forms a
uniform film required for the experiments. Due to the volatile nature of Acetone, the solid
concentration of 25wt % is not suitable with the DMF/Acetone solvent as the solution
becomes too viscous to spin or spray. The 20wt wt% concentration in the DMF/Acetone
was sufficient for an electrospraying process.
PVDF/CNT composites in DMF and DMAc with 0.1% CNT concentration
formed a uniform film. At a CNT concentration percentage of 0.2%, fiber formation
begins, possibly due to the subsequent increase in the solution viscosity. Viscosity
increase helped in jet stabilization rather than break up into droplets.

4.2.2 Optical microscopy and SEM of PVDF/CNT composite
The optical microscopy of the electrosprayed 25wt% PVDF in DMF + 0.1% CNT
composite sprayed at 25kV and the 25wt% PVDF+ 0.1% CNT composite in DMAc
sprayed at 20kV is shown in Figure 47. Both images show the formation of uniformly
sprayed film with no traces of fibers. The images show that there is a better CNTs
dispersion for the samples sprayed using DMF solvent than the samples sprayed using
DMAc solvent. The optical microscopy picture of the sample sprayed in DMAc shows
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large black spots which are related to the uneven dispersion of the CNT’s. Whereas the
optical microscopy picture of the sample sprayed in DMF shows evenly distributed
smaller spots indicating a uniform distribution of CNTs.

(a)
(b)
Figure 47 Optical microscopy of electrosprayed PVDF/CNT in DMF (a) and DMAc (b)
The SEM pictures of the electrosprayed PVDF/CNTs in DMF and DMAc are
shown in Figure 48. The pictures show a sort of crystal alignment. This could be due to
the alignment of CNTs in the voltage direction during the electrospinning process.

(a)
(b)
Figure 48 SEM of electrosprayed PVDF/CNT in DMF.
The optical microscopy image and the SEM of the 20wt% PVDF + 0.1 % CNT in
DMF/Acetone sprayed at 20kV were shown in Figure 49 and Figure 50, respectively.
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Both optical microscopy and the SEM show fiber formation. By increasing the
percentage of Acetone in the solvent to 50% with DMF, electrospinning is successful,
and only fibers with an average diameter of less than 1µm formed. Fiber formation is due
to the addition of a volatile solvent in the solution that helps the jet to dry faster forming
fibers and preventing the jet from breaking up into droplets.

Figure 49 Optical microscopy of electrosprayed PVDF in DMF/Acetone + 0.1%CNT
(400x).

(a)
(b)
Figure 50 SEM of electrosprayed PVDF in DMF/Acetone + 0.1% CNT.
Increasing the CNT concentration in the solution helps in the formation of fibers
as shown in the figure below. The SEM of the electrosprayed 25 wt% PVDF in DMF +
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0.2% CNT sprayed at 30kV is shown in Figure 51. By comparing the SEM pictures to the
SEM pictures of the electrospraying of PVDF in DMF + 0.1% CNT (Figure 48), it is
obvious that increasing the CNT concentration helps in forming fibers. A reason for fiber
formation could be that the increase in the solution viscosity caused by increasing the
CNT concentration stabilizes the jet and prevents its breakup into small droplets.

.
(a)
(b)
Figure 51 SEM of electrosprayed PVDF in DMF + 0.2% CNT.

4.2.3 MDSC of electrosprayed PVDF/CNT composite
Modulated Differential Scanning Calorimetry (MDSC) was used to determine the
changes in the thermal behavior of different electrosprayed PVDF samples after the
addition of CNT to the polymer matrix. The results were compared to the control sample
α-phase (pellets used in the preparation of the solution) and to the electrosprayed PVDF
samples without CNTs. Table 6 lists the different parameters used in the electrospraying
of PVDF/CNT composites and also list the MDSC results such as the melting point (Tm),
and the percent of crystallinity.
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MDSC results in Table 6 indicate that, the percentage of crystallinity can be
increased and the melting point of the sample decreased, through an increase in CNT
concentration in the PVDF matrix. The increase in the percent of crystallinity could
indicate that CNTs work as nucleation sites that cause an increase in the percentage of
crystallinity of the sample. Adding CNTs decrease the surface free energy needed for the
polymer crystallization52,53, which helps in increasing the formation of crystals.
Table 6 Results on electrosprayed PVDF and PVDF/CNT composites.

Sample
name
20wt%
PVDF
(180K)
20wt%
PVDF
(180K)
30wt%
PVDF
(180K)
15wt%
PVDF
(530K)
25wt%
PVDF
(180K)
25wt%
PVDF
(180K)
20wt%
PVDF
(180K)
25wt%
PVDF
(180)

CNT
wt%

Solvent

Voltage

Infusion
rate

Distance
from the
tip

Melting
point °C

Heat
capacity
J/g

%
crystallinity

0.0

DMF

20 kV

5ml/hr

17 cm

167.82

54.92

52.8

0.0

DMAc

20 kV

5ml/hr

17 cm

166.50

61.70

59.3

0.0

DMAc

25 kV

6 ml/hr

25 cm

165.73

63.24

60.8

0.0

DMF/
Acetone

15 kV

6 ml/hr

24 cm

156.99

55.62

53.5

0.1

DMF

25 kV

6 ml/hr

16 cm

165.22

62.89

60.5

0.1

DMAc

20 kV

6 ml/hr

16 cm

165.96

62.13

59.7

0.1

DMF/
Acetone

20 kV

6 ml/hr

16 cm

165.42

68.82

66.2

0.2

DMF

30 kV

6 ml/hr

16 cm

164.86

79.11

76.1
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The possible reason for the decrease in the melting point temperature is that the
PVDF crystals deforms into smaller crystals, which could have a lower melting point.
The MDSC thermograph of electrosprayed PVDF in DMF with different CNTs
concentration shown in Figure 52 indicates that when CNT concentration increases to 0.2
wt%, there is an increase in the percent of crystallinity of almost 25% (see Table 6).
Around 50-60 °C there is a dip (see Figure 52), that is related to annealing at room
temperature as mentioned before in section 4.1.3.

Figure 52 MDSC results of electrosprayed PVDF in DMF with different CNT
concentration.
The relationship between the CNT concentration and the percent of crystallinity
of electrosprayed PVDF/CNT in DMF composites with different CNTs concentration is
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shown in Figure 53. The Figure shows linear relation, whereby increasing CNT
concentration increases the percent crystallinity observed. As mentioned before, CNTs
work as nucleation sites that increase the percent of crystallinity in the polymer sample.
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Figure 53 Relaonship between the concentration of CNT and increase in crystallinity.

The relationship between the percent crystallinity and the melting point (Tm) of
electrosprayed PVDF/CNT composites sprayed in DMF using different CNTs
concentration is shown in Figure 54. As in the previous case a linear relation is observed,
thus the higher the CNT concentration, the lower the melting point. CNTs work as
impurities in the sample, which decreases the melting temperature of the polymer.Similar
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observation, have been published by Schartel et al , where in they state that CNTs works
54

as crystalline nuclei.
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Figure 54 Relationship between the CNT concentration and melting point.

4.2.4 TSC of electrosprayed PVDF/CNT composite
4.2.4.1 Dependence of depolarization current on polarizing field.
To examine the effect of polarization field on the electrosprayed PVDF/CNT
composites TSC was performed at a constant poling temperature of 80ºC while applying
different polarization electric fields. The samples were compared to the α- and β-phase
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control samples shown in Figure 55. The TSC spectra of the electrosprayed PVDF +
0.1% CNT in DMF and the electrosprayed PVDF + 0.1% CNT in DMAc is shown in
Figure 55. Small wide peaks are observed possibly due to an increase in the conductivity
of the sample caused by the addition of CNTs to the polymer matrix. The conductivity
reduces the storage of space charges in the sample that is required for the peak formation.
From these tests it is not possible to determine whether the sample behaves as α-phase or
β-phase, as the peaks are wide and weak. It was not possible to verify the number of
peaks or the peaks temperatures to analyze the data, thus further investigations using
different techniques were needed to confirm the changes occurring in the PVDF matrix
due to the addition of CNTs.
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Figure 55 TSC spectra of electrosprayed PVDF/CNT in DMF (a) and DMAc (b)
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4.2.4.1 Dependence of depolarization current on poling temperature.
In this section the poling temperature is changed while the poling electric field is
kept constant during the TSC tests on the PVDF/CNT composites. Figure 56 shows the
TSC of electrosprayed PVDF + 0.1% CNT in DMF and DMAc composites. The
PVDF/CNT in DMF sample shows a slow peak movement with the increase in the poling
temperature. This motion could be related to the β-phase contents in the sample. The
sample prepared using DMAc showed weak and wide peaks. As mentioned before in the
previous section, results of these TSC experiments alone was not enough to determine
weather the sample behaves as α-phase or β-phase, thus further investigations is needed.
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Figure 56 TSC spectra of electrosprayed PVDF/CNT in DMF (a) and DMAc (b)
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4.2.5 Dielectric and conductivity results of electrosprayed PVDF/CNT
composite
Dielectric spectroscopy was performed on the electrosprayed PVDF/CNT
composite to determine the changes in the electric properties of the composite occurring
after the addition of different concentrations of CNTs. As in the previous experiments,
melt press from pellets was used as the α-phase control sample and PVDF commercially
stretched poled film was used as β-phase control sample. Dielectric constant έ
measurements were taken at room temperature for the different electrosprayed
PVDF/CNT samples. Dielectric constant έ was measured as a function of different
frequencies as shown in Figure 57. Previous studies have shown the dielectric constant to
be in the range of 10 to 13 and also it has been stated by Lanceros et al32 that the higher
the β-phase content in the sample is the higher the dielectric constant for the sample.
Figure 57 shows that the dielectric constant value of the commercially poled β-phase is
around 11 at 1 kHz and that the dielectric constant of the melt press from pellets (αphase) has the value of 5 at 1k Hz. PVDF/CNT samples electrosprayed using different
solvents have dielectric constant values in the range of 9 to 11, higher than those of the
electrosprayed PVDF without CNTs.
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Figure 57 Dielectric constant of electrosprayed PVDF/CNT.
These observations prove that the electric properties of the polymer improved by
adding CNTs to the polymer matrix. The increase in the dielectric constant of the
electrosprayed PVDF/CNT is due to the conductive properties of the CNTs. The increase
in the dielectric constant allows the material to carry more current and energy to the
piezoelectric dipoles, which improved the material’s piezoelectric effects resulting in a
better sensor or actuator.
The relationship between dielectric constant and CNT concentration of the
electrosprayed PVDF/CNT samples in DMF composites is shown in Figures 58 and 59.
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Figure 58 Dielectric constant of electrosprayed PVDF in DMF using different CNT
concentration.
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Figure 59 Relation between CNT concentration and dielectric constant values.
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An increase in CNT concentration resulted in higher dielectric constant values as
indicated by the linear relationship seen in Figure 59.
The dielectric spectroscopy of electrosprayed PVDF + 0.1% CNT in DMF and
DMAc is shown in Figures 60 (a) and (b), respectively. Both samples behave in a similar
manner with the sample electrosprayed in DMAc having higher dielectric constant
values. The optical microscopy of electrosprayed PVDF/CNT in DMF and DMAc Figure
47 shows a better CNT dispersion for the electrosprayed PVDF in DMF than the
electrosprayed PVDF in DMAc.
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Figure 60 Dielectric loss spectra of electrosprayed PVDF/CNT in DMF (a) and DMAc
(b).
This uneven dispersion of CNTs shown in the optical microscopy results could be
a reason for the higher dielectric constant values (an order of magnitude higher) those
seen in the DMAc samples as compared to those in DMF samples.

The optical
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microscopy picture shows some parts of the sample have more concentrations of CNTs,
and as mentioned before, the higher CNTs concentration the higher the dielectric
constant.
The relation between the CNT concentrations added to the PVDF and the sample
conductivity measurements of the electrosprayed PVDF/CNT in DMF composite using
different CNTs concentration are shown in Figures 61 and 62. Figure 61 shows the
conductivity measurements of the electrosprayed PVDF in DMF with different CNT
concentration as a function of the frequency.
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Figure 61 Conductivity of electrosprayed PVDF+0.1% CNT at different frequencies.
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The relation between CNT concentration and conductivity is shown in Figure 62.
A linear relation is observed between the increasing of CNT concentration in the sample
and the increase in sample conductivity. The results show improvement in the electrical
properties of the PVDF by the increase of the dielectric constant, due to the addition of
CNTs to the polymer matrix.
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Figure 62 Relationship between increasing CNT concentration and the sample
conductivity.

4.2.6 X-ray results of electrosprayed PVDF/CNT composite
X-ray diffraction is used in this part of the project to determine the changes
occurring in the structure of PVDF due to the addition of CNTs.
The XRD results of the electrosprayed PVDF/CNT composites in DMF and
DMAc are shown in Figure 63. These results are compared with the XRD results of
electrosprayed PVDF in DMF and DMAc without CNTs shown in Figure 43. The results

90
in Figure 63 a and b, indicate that the sample with CNT contains mostly β-phase with
small amounts of α-phase appearing on the sides of the main peak. Thus it can be
concluded that the addition of CNTs to the polymer matrix enhances the formation of βphase. This result contradicts both the TSC and dielectric measurements. The reason as
mentioned before could be the level of probing between the different characterizations
techniques.
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Figure 63 XRD of electrosprayed PVDF/CNT in DMF (a) and DMAc (b)
The XRD results of the electrosprayed PVDF/CNT composite in DMF/Acetone
are shown in Figure 64. The sample contains mostly β-phase; the reason for the formation
of β-phase with higher amounts in the sample electrosprayed in DMF/Acetone is because
electrospinning causes the formation of fiber mats. The fibers can be stretched on their
way to the grounded collector that helps in the formation of β-phase. These results
contradict both the TSC and dielectric measurements. The reason as mentioned before
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could be due to the level of probing present in these techniques, which cannot detect
small amounts of β-phase.
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Figure 64 XRD of electrosprayed PVDF/CNT in DMF/Acetone

4.2.7 FT-IR results of electrosprayed PVDF/CNT composite
The FT-IR spectra of three samples are shown in Figure 65. The first is the meltpressed from pellets (α-phase control sample), the second is the electrosprayed PVDF in
DMF + 0.1% CNT sprayed at 25kV and the third sample is for the commercially
stretched poled PVDF film (β-phase control sample). The electrosprayed sample shows
only the β-phase peaks located at 510 and 840 cm-1 and none of the α-phase peaks. By
comparing the FT-IR of the electrosprayed film in DMF Figure 44 with the
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electrosprayed film in DMF/CNT, it is obvious that by adding CNTs to the PVDF
matrix the FT-IR results shows β-phase only. These results agree with the XRD results
in that the addition of CNTs enhances the formation of the β-phase.

Figure 65 FT-IR of PVDF 1- α-phase, 2- sprayed PVDF in DMF+0.1%CNT, 3- β-phase.
It can be concluded that the addition of CNTs to the PVDF polymer matrix,
improves the electric properties of the polymer by increasing its dielectric constant. Also
the results of the different techniques showed that the addition of CNTs enhances the
formation of β-phase in the PVDF/CNT composite

Chapter 5: Conclusions and recommendation for future work

5.1 Conclusions
The main objective of the study was to obtain β-phase PVDF in one step process
using electrospraying technique. The thermal and electrical properties of the
electrosprayed PVDF and PVDF/CNT composites were measured using several
characterization techniques, including Modulated Differential Scanning Calorimetry
(MDSC), Dielectric spectroscopy, Thermally Stimulated Current (TSC), Fourier
Transform Infrared Spectroscopy (FT-IR), and X-Ray Diffraction (XRD).
PVDF pellets with two different molecular weights (180,000 and 530,000) were
dissolved thermally and mechanically in four different solvents, DMF, DMAc, Acetone
and a mixture of 50/50 DMF/Acetone. PVDF was successfully electrosprayed at different
voltages from 15kV to 30 kV. The electrospraying of PVDF in DMF and DMAc results
in sprayed films. Addition of Acetone to the DMF solvent caused electrospinning, giving
fibers. Electrospinning also occurred when Acetone was used as the solvent by itself. The
reason for the fiber formation is the volatile nature of Acetone, which causes it to
evaporate faster than DMF or DMAc helping the jet to dry without disintegrating into
droplets. Increasing the concentration of the CNTs in the PVDF solution to 0.2wt%
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results in the formation of films containing fibers. An increase in the viscosity of
the solution due to the increase of CNTs concentration was the reason for the fiber
formation.
Modulated Differential Scanning Calorimetry (MDSC) results show that the
electrosprayed PVDF has a lower melting point temperature (3-5 ºC lower) compared to
the PVDF pellets (α-phase control sample). The possible reason for the decrease of the
melting point temperature is that electrospraying deforms the crystals, resulting in smaller
crystals, which have a lower melting point temperature. The effect of adding different
concentration (0.1wt% and 0.2wt%) CNT to the solution leads to a linear increase in the
percentage of crystallinity and a decrease in the melting point of the electrosprayed
PVDF. The reason for the increase in the percentage of crystallinity with the increase in
CNT concentration is that CNT works as a nucleation site in the polymer. All MDSC
samples showed a dip at approximately 50-60 ºC and this dip is due to annealing at room
temperature. The commercially stretched poled PVDF (β-phase) samples showed two
dips; the first due to annealing at room temperature and the second dip could be due to
annealing at the poling temperature while processing the film.
Thermally Stimulated Current (TSC) results show a peak related to space charge
for all electrosprayed samples without CNT in the range of 40 ºC to 80 ºC. The peak
temperature decreases with the increase in the polarization field, and does not correspond
to the poling temperature. These TSC results indicate that the electrosprayed PVDF
without CNT is α-phase. TSC results of the electrosprayed PVDF/CNT composites were
inconclusive in detecting β-phase. The depolarization current peaks are wide and weak,
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or move relatively slow compared to the TSC behavior of β-phase control sample. The
possible reason is that the higher conductivity of the electrosprayed PVDF/CNT
composites cannot hold the charges needed for the peak formation.
Dielectric spectroscopy results agree with the TSC results; the electrosprayed
PVDF results show α-phase, and the β-phase could not be detected conclusively in the
PVDF/CNT composites. The dielectric loss for all samples show the α-relaxation peak,
which is a characteristic peak of α-phase PVDF; this peak shifts to higher temperatures
with the increase in frequency. Adding CNT to the PVDF resulted in a linear relationship
between CNT concentration and dielectric constant values.
Similarly, conductivity measurements of the electrosprayed PVDF/CNT composite
show a linear relationship between CNT contents and conductivity values.
Fourier Transform Infrared (FT-IR) results point to different conclusions than
TSC and dielectric measurements. Electrosprayed PVDF in DMF and DMAc was a mix
of both α and β-phases, with a higher content of α-phase. The electrosprayed PVDF in
DMF/Acetone has a high content of β-phase with a small amount of α-phase. Using
Acetone in the solvents helps in the formation of fibers; these fibers are stretched during
the electrospinning process leading to the formation of the β-phase. Adding CNT to the
PVDF matrix forms only β-phase with no trace of α-phase, thus proving that CNTs
enhances the formation of β-phase. XRD results confirm the FT-IR results, showing the
formation of β-phase for all samples except for the samples electrosprayed in DMF and
DMAc. No β-phase was seen in these two samples, whereas with the FT-IR
measurements small amounts of β-phase are observed.
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The apparent contradiction between the XRD and FT-IR results on the one-hand
and the TSC and dielectric measurements results on the other hand is because of the level
of probing involved. XRD and FT-IR techniques probe at the molecular level, whereas
TSC and dielectric techniques probe at a much larger scale, wherein it is harder to detect
small amounts of β-phase.
Based on FT-IR and XRD, β-phase PVDF was successfully induced by
electrospraying using DMF, DMAc or by adding CNTs. It is surmised that only a small
amount of the α-phase was transformed into β-phase by electrospraying from DMF or
DMAc, which explains the fact that neither TSC nor dielectric spectroscopy can detect
the β-phase.

5.2 Recommended Future work
Based on the exploratory studies accomplished here, a number of venues for future
investigation are identified. Suggested future work should focus on the following: 1)
better controlling electrospraying parameters such as humidity, 2) investigating the
optimum parameters that can convert electrospraying to electrospinning of PVDF, 3)
investigating the effect of using a high AC voltage instead the DC voltage during
electrospinning and electrospraying, 4) measuring the mechanical properties of
electrosprayed PVDF films, 5) investigating the alignment of CNT in the polymer matrix.
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